Background: It has previously been shown that the viability of swine uteri can be maintained within the physiological range in an open perfusion model for up to 8 hours. The aim of this study was to assess mediumto long-term perfusion of swine uteri using a modified Krebs-Ringer bicarbonate buffer solution (KRBB) in the established open perfusion model. Methods: In an experimental study at an infertility institute, 30 swine uteri were perfused: group 1: n = 11, KRBB; group 2: n = 8, modified KRBB with drainage of perfusate supernatant; group 3: n = 11, modified KRBB with drainage of perfusate every 2 h and substitution with fresh medium. Modified and conventional KRBB were compared with regard to survival and contraction parameters: intrauterine pressure (IUP), area under the curve (AUC), and frequency of contractions (F). Results: Modified KRBB showed significantly higher IUP, AUC, and F values than perfusion with conventional KRBB. In group 3, the organ survival time of up to 17 h, with a 98% rate of effective contraction time, differed significantly from group 1 (P < 0.001). Conclusions: Using modified KRBB in combination with perfusate substitution improves the open model for perfusion of swine uteri with regard to survival time and quality of contraction parameters. This model can be used for medium-to long-term perfusion of swine uteri, allowing further metabolic ex vivo studies in a cost-effective way and with little logistic effort.
Background
Experimental organ perfusion originated in the field of transplantation medicine, where it was used to investigate physiological, pathophysiological, and metabolic processes in tissue and cells [1] [2] [3] . Studies of the liver, lungs, and kidney using long-term perfusion have been successfully carried out and reported [2, 4, 5] . Various perfusion solutions have been used for organ maintenance; Iwasaki et al., for example, used a Krebs-Henseleit-Ringer medium for long-term perfusion of isolated rat hearts [6] .
In 1986, Bulletti et al. developed an open extracorporeal perfusion system, without recirculation of the medium, for the human uterus [7, 8] . They carried out various in vitro studies on extirpated uteri, such as hormonal analyses in the endometrium and myometrium and assessment of electromechanical activity in the smooth muscle. They also examined hormonal influences on uterine contractility during different phases of the menstrual cycle [9, 10] . The first early human pregnancy in a perfused uterus was achieved in 1987 [8] . On the basis of the developments by Bulletti et al., Dittrich and Maltaris in 2003 established a model for the perfusion of swine uteri [11] . The use of swine uteri in the perfusion model is suitable for investigating the effects of a wide variety of medications in large numbers of organs in physiological conditions. The results are well comparable with human conditions. Although there are anatomic and physiological differences between the human and swine uterus, the microscopic structures of the organs are similar. The regulatory control system for endocrine functions also allows direct comparison. It was shown in these studies that vitality parameters could be maintained within the physiological range for up to 8 hours in optimal experimental conditions [11] .
Topics investigated using the swine uterus perfusion model have included the influence of oxytocin, by Dittrich et al. [11] ; the roles of estrogen, progesterone [12] , and prostaglandins, by Müller et al. [13] ; and the effect of spasmolytics on contractility in the swine uterus, by Künzel et al. [14] . The model has also been used to analyze the mechanisms of intrauterine transport towards the dominant follicle [15] . Richter et al. [16] published the results for long-term perfusion using a closed perfusion model of the human uterus and with a modified Krebs-Ringer bicarbonate buffer (KRBB) solution in normothermia. A total of 25 human uteri were studied for up to 24 hours, with preservation of cell integrity and thus in physiological conditions. The use of a closed system, with recirculation of the medium, led to a marked reduction in the amount of perfusate required in comparison with the studies by Bulletti et al. As reported by Dittrich et al., the vitality of swine uteri can be maintained in an open perfusion model for up to 8 h [11] .
The aim of the present study was to investigate medium-term to long-term perfusion of swine uteri using the established open perfusion model. In the future, it is intended to use the swine uterus in vitro to investigate more detailed physiological and metabolic issues, e.g. the role of M 3 -cholinergic receptors. For this purpose, an experimental approach was used to compare a modified KRBB solution as described by Richter et al. [16] with conventional KRBB with regard to the survival period achievable in swine uteri.
Methods

Swine uterus
Swine uteri were collected from the abattoir in Erlangen in the early morning, immediately after killing (with electric shocks, 1.5 A, 400 V, 4 s). The organs were all from healthy swine aged 5-18 months. One uterus per day was selected for the experiments on the basis of size, weight, general condition, and cannulability of the uterine arteries. Any experimental research that is reported in the manuscript has been performed with the approval of the ethics committee of the University of Erlangen-Nuremberg.
Cannulation
The selected uterus was dissected in a standardized way for cannulation. The uterine arteries were released from the surrounding connective tissue in the broad ligament of the uterus bilaterally as far as the adventitia. This was followed by cannulation of the arteries using 16-G Abbocaths, which were fixed in place using Vicryl 3-0 sutures (Ethicon Johnson & Johnson International Inc., Brussels) ( Figure 1 ). Correct positioning of the Abbocaths and patency of the uterine vascular system were checked using careful rinsing of the two arteries, each with 2.5 mL NaCl 0.9%. An intraarterial injection of a heparin solution (2500 IU in 5 mL NaCl 0.9%; Braun Heparin Sodium 25000 IU vial; B. Braun Melsungen Ltd., Melsungen, Germany) was carried out to prevent thrombus formation and to rinse out any already coagulated blood. In addition, the tubes and the vascular plexus surrounding the ovary were ligated to prevent the perfusion solution from escaping at these points and to establish and maintain better uterine perfusion pressure. This was also intended to minimize any disturbing hormonal influences by estrogens and gestagens from the ovaries.
Perfusion system
Following cannulation, the organ that had been prepared for perfusion was placed in an organ bath at a set temperature. The organ bath initially consisted of 1 L of perfusion medium warmed to 37°C. During the entire experiment, the temperature was kept constant at between 36.5°C and 37.5°C (temperature measurement probe, Raumedic; Rehau Ltd., Rehau, Germany). The perfusion medium was warmed to a constant 37°C in a shaking water bath and oxygenated with carbogen (95% O 2 , 5% CO 2 ; Linde Inc., Frankfurt, Germany). The Abbocaths were connected with a silicon tube system. A roller pump (Heidolph Ltd., Kelheim, Germany) transported the medium in the tube system at a constant flow rate into the organ's arterial system. The flow rate was increased gradually over 10-15 min to approximately 15 mL/min. The perfusate flowed continuously through the uterus's open vascular system into the organ bath -i.e., there was no recirculation of the medium into the arterial system. The diagram in Figure 2 shows the experimental design.
Perfusion medium
Krebs-Ringer bicarbonate buffer solution
The physiological KRBB has been successfully used by Dittrich et al. and by Müller et al. since 2003 for experiments in the perfused swine uterus [11] . The solution is prepared in the institution in Erlangen in accordance with instructions by the manufacturers Sigma-Aldrich Ltd. (Steinheim, Germany) ( Table 1) .
Modified Krebs-Ringer bicarbonate buffer solution
This perfusion solution, a modified form of KRBB, was previously used by Richter et al. for extracorporeal medium-term to long-term perfusion of human uteri with recirculation of the perfusate [16] . The vitality and functionality of the tissue was maintained for a period of up to 24 h with this solution [16] [17] [18] . The composition of the modified solution (Table 1 ) ensured an isoosmolar ion concentration and an almost physiological pH value (7.36-7.44) and maintained a colloid osmotic pressure of approximately 24 mmHg in the vessels. Saccharose, as an impermeable sugar, was used to prevent edema formation in the tissue. The tripeptide glutathione served as a reducing agent and radical scavenger [19] . Equilibrium between its reduced and oxidized forms was maintained using dithiothreitol. Regular insulin (Actrapid W HM NovoLet W 3 mL 100 IU/mL injection solution; Novo Nordisk Pharma, Ltd.) was also added to the perfusion medium to support metabolization of glucose. In contrast to the method described by Richter et al. [16] , gentamicin (Refobacin) was not used. The agents were dissolved in 1 L of distilled water and well mixed in a shaking bath at 37°C.
Intrauterine pressure measurement
Intrauterine pressure (IUP) was recorded using a doublechip microcatheter (Urobar 8 DS-F; Raumedic, Rehau Ltd., Rehau, Germany) ( Figure 3 ). The measurement sensors were incorporated into the catheter at intervals of 8 cm, so that after careful introduction, the distal sensor (IUP1) was positioned without tension in the one uterine horn and the proximal sensor in the body of the uterus (IUP2) ( Figure 1 ). The pressure catheter was then fixed in place with a single button suture at approximately 11 cm to prevent it from sliding out during the measurements. After this, the pressure catheter was connected with the monitoring device (Datalogger, MPR1; Raumedic, Rehau Ltd., Rehau, Germany) using a connecting cable. The data logger allowed simultaneous recording of pressure changes at both measurement points (IUP1, IUP2) and continuous temperature measurement. A pressure value in millimeters of mercury was recorded by the Datalogger for each second. Pressure conditions in the vascular and tube system were displayed using a central venous pressure measurement module.
The measurement electrodes IUP1 and IUP2 and central venous pressure were calibrated to 0 mmHg at the start of each experiment and the corresponding recording. The course of the experiment was observed on a graphic display and finally evaluated with the help of the corresponding software (Datalogg; Raumedic, Rehau Ltd., Rehau, Germany).
Data processing and statistics Data processing
For each uterus, data for time intervals of 10 min, 20 min after the start of the experiment, after 1 hour and every hour up to the end of the experiment (objective death of the uterus) were analyzed. Additional evaluation of the data was carried out using the Origin program (OriginLab version 8.5; OriginLab Corporation, Northampton, Massachusetts, USA).
Absolute maximum pressures (IUP) and areas under the curve (AUCs) were calculated. The amount of the AUC, as the total of all pressure values measured over a specific time interval, represented the work performed and output of the myometrium. In addition, the relative or effective contraction time (= contraction time/perfusion time) was calculated. The number of contractions per time interval was evaluated as the contraction frequency (F). The time from beginning of measurable contractions to the point of absence of measurable uterine contractions or absence of rhythmic contractions was calculated as survival time in hours.
Statistics
The data calculated by the Origin program were further analyzed statistically using Microsoft Excel and SPSS (IBM SPSS Statistics, version 19.0.0.1). Group comparisons were carried out after checking for normal distribution, the prerequisites applying in each case, the scale level of each of the attributes analyzed and the corresponding test situation, using the Mann-Whitney U test and the Kruskal-Wallis test or one-way analysis of variance (significance level P = 0.05; post-hoc P = 0.017). In the post-hoc procedure, the Tukey and Tamhane test was applied, depending on the results of tests for variance homogeneity and the test procedures previously used.
Experimental procedure
The uteri were divided into three groups for the experiment (Table 1) :
In group 1, 11 uteri were perfused with conventional KRBB. In group 2, eight uteri were perfused with the modified KRBB. In addition, excess perfusate was drained in the basin in this group. In group 3, 11 uteri were also perfused with the modified KRBB. In addition, the collected perfusate was drained from the organ basin approximately every 2 h physically, using gravity, and replaced with fresh medium.
Induction of rhythmic uterine contractions
To achieve optimal saturation of the uterus with oxygen, nutrients, and electrolytes, the initial perfusion was maintained for approximately 1 hour. If no spontaneous uterine contractions were recorded during this phase, oxytocin (Syntocinon W 10 IU = 50 mg/mL; Novartis Pharma, Nuremberg, Germany) was administered as a bolus through the tube system at increasing dosages of 0.1 IU, 0.5 IU, and 1 IU at intervals of 15 min each until rhythmic contractions were induced [11] . If rhythmic contractions were still not observed, the experiment was stopped.
Vitality parameters
At the start of the experimental series and at 1-hour intervals, measurements of vitality parameters were made in all of the organs using the blood gas analysis device (ABL 800 Flex; Radiometer Ltd., Willich, Germany). pH and lactate were measured from venous drainage fluid.
End of the experiment
The end point of each experiment was defined as the absence of measurable uterine contractions or absence of rhythmic contractions after administration of oxytocin boluses at increasing dosages of 0.1 IU, 0.5 IU, and 1 IU at intervals of 15 min each.
Results
A total of 30 uteri were perfused. The mean weight of the organs was 152 g (range 75-200 g, median 160 g).
Group 1: KRBB
A total of 11 uteri, with a mean initial weight of 168 g (range 130-200 g, median 170 g), were perfused with conventional KRBB (Table 1) . Initial rhythmic contractions were induced using oxytocin in all of the organs. The mean pressures were 2.37 mmHg at IUP1 and 1.86 mmHg at IUP2 (Figure 4) . The mean AUC1 and AUC2 were 78.15 mmHg and 48.11 mmHg, respectively ( Figure 5 ). The mean frequency 1 (F1) was 6.0 contractions and the mean frequency 2 (F2) was 5.1 contractions per time interval ( Figure 6 ). Macroscopically visible contractions were seen on average after a latency period of 2.35 h. The mean survival time was 9.3 h (range 7-11 h, median 9 h). The organs' effective contraction time showed a mean of 6.95 h -i.e., contractions occurred during 75% of the perfusion time ( Figure 7) . The mean pH value after 1 hour of perfusion was 7.6, changing to 6.9 up to the end of the perfusion period (Figure 8 ). The mean lactate value correspondingly increased from 1.43 mmol/L to 4.1 mmol/L (Figure 9 ).
Group 2: modified KRBB
A total of eight uteri, with a mean initial weight of 147 g (range 70-200 g, median 160 g), were perfused with the modified KRBB. Initial contractions were induced in two organs using oxytocin. The mean pressures were 6.9 mmHg at IUP1 and 5.1 mmHg at IUP2 (Figure 4) . The mean AUC1 was 335.3 mmHg and the mean AUC2 was 297.4 mmHg ( Figure 5 ). The mean F1 and F2 were 8.13 and 8.19 contractions per time interval, respectively ( Figure 6 ). Macroscopically visible contractions started on average after a latency period of 1.4 hours. The mean survival time was 8.13 hours (range 6-11 h, median 8 h). The organs' effective contraction time showed a mean of 6.73 h -i.e., contractions took place during 83% of the perfusion period ( Figure 7) . The mean pH value after 1 h was 7.54, changing to 7.0 up to the end of the perfusion period (Figure 8 ). The mean lactate value correspondingly increased from 1.7 mmol/L to 4.6 mmol/L (Figure 9 ). Group 3: modified KRBB and substitution of the total perfusate in the organ basin with fresh perfusion medium A total of 11 uteri, with a mean initial weight of 143.5 g (range 75-200 g, median 145 g), were perfused with the modified KRBB (Table 1 ) and in addition the perfusate collected in the organ basin was completely replaced with fresh medium approximately every 2 hours. In this group it was not necessary to induce initial contractions by oxytocin. The mean pressure values were 9.45 mmHg at IUP1 and 6.0 mmHg at IUP2 (Figure 4) . The mean AUC1 was 345.2 mmHg and the mean AUC2 was 137 mmHg ( Figure 5 ). The mean F1 and F2 were 12.7 and 10.2 contractions per time interval, respectively ( Figure 6 ). Macroscopically visible contractions were visible after a mean latency period of 0.3 hours. The survival time was 13.3 h (range 10-17 h). The organs' effective contraction time averaged 13 h -i.e., contractions took place during 98% of the perfusion period. The mean pH value was 7.6 after 1 hour and it remained constant at 7.4 up to the end of the perfusion period (Figure 8 ). The mean lactate value increased from 1.27 mmol/L to 2.0 mmol/L (Figure 9 ).
Statistically evaluation of the data
Significantly different values for the contraction parameters IUP, AUC, and F were seen in each case in groups 2 and 3 Figure 4 Mean values (mmHg) for IUP1 and IUP2. Group 1: green; 2.37 mmHg at IUP1 and 1.86 mmHg at IUP2, group 2: blue; 6.9 mmHg at IUP1 and 5.1 mmHg at IUP2, group 3: red; 9.45 mmHg at IUP1 and 6.0 mmHg at IUP2. in comparison with perfusion using conventional KRBB in group 1 (Table 2) . Initial rhythmic contractions were already observed after perfusion with the modified KRBB after 1.4 h (group 2) and after 0.3 h (group 3). In both group 1 and group 2, a clear increase in lactate and a decline in the pH value occurred during the course of the experiment. In group 3, regular substitution of the entire drained perfusate with fresh nutrient medium led to maintenance of a constant acid-base balance. This was reflected in significant differences in lactate and pH values in comparison with group 1 (P = 0.005 and P < 0.001, respectively). The survival time in group 3 of up to 17 hours (mean 13.3 h, median 13.5 h), with a 98% proportion of effective contraction time, was significantly different from group 1 Figure 6 Mean values (n/time interval) for contraction frequency (F). Group 1: green; F1 was 6.0 and F2 was 5.1, group 2: blue; F1 was 8.13 and F2 was 8.19, group 3: red; F1 was 12.7 and F2 was 10.2. Figure 7 Mean survival time (back row) and mean effective contraction time (front row). Group 1: green; survival time was 9.3 h and effective contraction time was 6.95 h, group 2: blue; survival time was 8.13 h and effective contraction time was 6.73 h, group 3: red; survival time was 13.3 h and effective contraction time was 13 h.
(P < 0.001). The P values are shown in Table 2 as the results of the group comparisons for the parameters studied and taking each test procedure into account.
Discussion
Adequate uterine contractility and an intact uterotubal transport process are necessary on the one hand for the transport of semen and gametes and also for successful spontaneous or assisted implantation of the embryo. On the other hand, inadequate uterine activity can lead to ectopic pregnancy, a tendency to spontaneous abortion, retrograde bleeding, and endometriosis [20] [21] [22] . As mentioned above, our research group has since 2003 therefore been focusing on functional studies of the perfused swine uterus [11] . The open perfusion model makes it possible to measure spontaneous and initiate contractions in the uterine horn and the body of the uterus using a double-chip microcatheter. In a large number of swine uteri, it has been possible to apply agents and medications such as oxytocin, tocolytics, spasmolytics, estrogen, progesterone, prostaglandins and seminal plasma and to examine their effects on the myometrium [11] [12] [13] [14] 23] . The bicornate swine uterus is particularly suitable for parallel experiments in the same genomic organ -for example, to evaluate transport mechanisms to the side bearing the dominant follicle [15] . The perfusion medium used to date was a standardized KRBB, with which an experimentation period in physiological conditions of up to a maximum of 8 hours was Figure 8 Mean pH values after 1 h perfusion (front row) and at the end of the experiment (back row). Group 1: green; pH after 1 hour was 7.6, changing to 6.9 up to the end, group 2: blue; pH after 1 h was 7.54, changing to 7.0 up to the end, group 3: red; pH was 7.6 after 1 hour and it remained constant at 7.4 up to the end. (Table 1 ) [11] . The applicability of perfusion models for experimental studies of placental tissue, ovaries, and uteri has been repeatedly emphasized in the literature [7, 24, 25] .
In the present study, the open perfusion model previously described was to be further developed in order to make it possible in the future to study metabolic receptor ligands such as M3 cholinergic receptors in long-term perfusion of the ex vivo swine uterus. Methods of conserving the organ with hypothermia have severe limitations in connection with metabolic studies, since among other things they lead to inactivation of transmembrane ion pumps [16] . In experimental and clinical transplantation medicine, various solutions have been used for cold conservation of organs, such as Euro-Collins solution, University of Wisconsin solution, histidine-tryptophane-ketoglutarate solution, and HypoThermosol [19, [26] [27] [28] [29] [30] . Successful use of KRBB for perfusion of human and porcine uteri has been described in many previous literature reports [8, 11, 16] . As in the studies by Bulletti et al. [8] and Richter et al. [16] , a modified KRBB was used for experimental long-term perfusion of swine uteri in the present study.
In comparison with the perfusion system used by Richter et al. [16] , with recirculation of the nutrient medium, the open variant of the perfusion system is more cost-effective. It is not necessary to use a membrane oxygenator and an incubator for the experiment. The perfusion medium is continuously oxygenated and the swine uterus is surrounded by nutrient medium in the organ basin. The open perfusion system, consisting of an organ basin, roller pump with infusion system, gas bottle, and shaking bath, as well as software and hardware, can be quickly and effortlessly set up and operated by one person. The use of swine uteri for perfusion experiments is appropriate, as discussed in the introduction, and the results are comparable with human conditions. The logistic effort involved in obtaining the swine uteri is much lower in comparison with perfusion of human uteri, allowing a larger number of organs to be studied in a shorter time. When the perfusate is recirculated, as described by Richter et al. [16] , perfusion medium can be saved. With this method, it is nevertheless still necessary to completely replace approximately 2 L of perfusion medium after 4 hours [18] . In the open perfusion model described here, approximately 1.5 L/h is consumed with a flow rate of around 15 mL/min and complete substitution of the basin perfusate with 1 L of fresh medium every 2 h. This corresponds to a perfusion medium consumption of approximately 6 L every 4 h, around three times the amount in comparison with the study by Richter et al. [16] . It should be taken into account here that direct comparison of perfusion medium consumption between human and swine uteri is only possible to a limited extent, due to the different size of the organs. Although the greater consumption of perfusion medium is a disadvantage of the open model, it is quite acceptable in view of other cost savings. Producing the modified KRBB is inexpensive, uncomplicated, and takes little time. Relevant bacterial infection of the organ during the experiment has been assessed as minimal, and antibiotic prophylaxis was not therefore used.
As mentioned earlier, a maximum perfusion time of 8 h has been achieved to date with the standardized form of KRBB [11] . The results of the present study show that using the modified KRBB can significantly prolong the survival time of swine uteri from a maximum of 11 h (in group 1) to a maximum of 17 h (group 3). Against the background of the results reported by Bulletti et al. [8] and Richter et al. [16] with regard to long-term perfusion of human uteri, the aim of maintaining the vitality of swine uteri for 24 h was not achieved. Nevertheless, a mean survival time of 13.3 h in group 3, with a maximum survival time of up to 17 h, now appears capable of permitting more detailed metabolic and physiological studies of the swine uterus. The physiology of the swine uterus is very similar to that of the human uterus, although not identical, so that only limited direct comparison of the survival times reported in the literature is possible. The results show that a combination of modified KRBB and substitution of the entire perfusate in the organ basin appears to be necessary in order to achieve a significant increase in the survival time. In the present study the vitality parameters, pH and lactate, were measured from venous drainage fluid, which is an accurate method to monitor the physiologic condition of the organ [11] . But to investigate the impact of long term perfusion on a cellular level it would be necessary to take biopsies at the beginning and at the end of the experiment.
Significantly better contraction parameters (IUP, AUC, F) were already observed using perfusion with modified KRBB in group 2 in comparison with conventional KRBB in group 1 ( Table 2 ). In addition, the modified KRBB in comparison with conventional KRBB usually led to the initiation of spontaneous contractions after a short latency period and with a much longer effective contraction period ( Figure 7 ). In practice, this means that on the one hand a marked time saving is possible due to the shorter latency period (2.35 h in group 1 vs. 0.3 h in group 3) before the start of spontaneous contraction of the organs, while on the other hand the quality of the perfusion experiments is also improved.
Conclusions
In summary, the use of the modified KRBB in combination with substitution of the basin perfusate led to a marked improvement in survival time and in the quality of the contraction parameters in swine uteri in the open perfusion model. In the future, this model can be used for medium-term to long-term perfusion in more detailed metabolic perfusion experiments, with little logistic effort and at low cost.
